Tobacco mosaic virus (TMV) produces large quantities of RNA and protein on infection of plant cells. This and other features, attributable to its autonomous repfication, make TMV an attractive candidate for expression of foreign sequences in plants. However, previous attempts to construct expression vectors based on plant RNA viruses, such as TMV, have been unsuccesfl in obtaining systemic and stable movement of foreign genes to uninoculated leaves in whole plants. A hybrid viral RNA (TB2) was constructed, containing sequences from two tobamoviruses (TMV-U1 and odontoglossum ringspot virus). Two bacterial sequences inserted independently into TB2 moved systemically in Nicotiana benthamna, although they differed in their stability on serial passage. Systemic expression of the bacterial protein neomycin phosphotransferase was demonstrated. Hybrid RNAs containing both TMV-U1 and the inserted bacterial gene sequences were encapsidated by the odontoglossum ringspot virus coat protein, facilitating their transmission and amplification on pgin to subsequent plants. The vector TB2 provides a rapid means of expressing genes and gene variants in plants.
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The expression of foreign genes in plants has proven advantageous to the study of molecular biology (1, 2) . Stable gene transfer to whole plants can be achieved by a combination of DNA transformation and tissue culture techniques or by virus transfection. With viral-based vectors the ease of infection avoids the time-consuming procedures, "position" effects, and "somaclonal" variation seen when foreign genes are integrated into the plant genome (1) . The merits of using a systemically expressing plant RNA virus-based vector have been extensively reviewed (3) (4) (5) (6) (7) . Several features of tobacco mosaic virus (TMV) (8, 9) suggest that it might be usefully adapted for such a purpose: (i) tobamoviruses have a wide host range; (it) they can move cell-to-cell mediated by a virus-encoded peptide; (iii) they exhibit rapid systemic spread in plants; (iv) TMV infections are maintained for the lifetime ofthe plant; (v) TMV RNA is replicated to high levels as autonomous sequences; (vi) this replication results in rapid and productive cytoplasmic gene expression; (vii) temperature-sensitive mutations of RNA synthesis are available to modulate expression of foreign genes; (viii) TMV also lacks the packaging constraints found with nonhelical viruses, including existing DNA plant virus vectors; and (ix) the TMV genome can now be manipulated as a DNA copy and then transcribed in vitro to produce infectious RNA molecules.
The TMV genome consists of one 6395-nucleotide (nt) molecule of messenger-sense, single-stranded RNA, encoding at least four proteins (10; for review see ref. 9; Fig. 1 ). It has similarities of sequence and replication strategy with a series of plant and animal RNA viruses (11) . The 126-and 183-kDa replicase proteins are translated directly from the genomic RNA, whereas the 30-kDa cell-to-cell movement protein and 17.5-kDa coat protein are translated from two 3'-coterminal subgenomic RNAs produced during replication (12, 13) .
Previous attempts to express foreign open reading frames (ORFs) by gene replacement in a plant RNA virus have either resulted in failure to infect plants (7) or loss of long distance movement (3, (14) (15) (16) . Vectors have also been constructed with an additional viral subgenomic promoter to express a foreign gene (17) . However, on infection of plants these vectors had the added sequences deleted and failed to be transported systemically. This was hypothesized to be from recombination between the two repeated subgenomic promoter sequences within the viral constructs. To circumvent this problem the expression vector described here was constructed.
Because the 126-and 183-kDa proteins are required for TMV RNA replication (18) , we decided to express the foreign sequences by means of a subgenomic RNA 3' of these genes. For brome mosaic virus, subgenomic RNA synthesis has been shown to be internally initiated on minus-sense RNA (19) , and sequences that promote this synthesis have been described (20, 21) . Functionally similar sequences occur upstream of the highly expressed (8) TMV coat protein ORF (14, 17) were done essentially as described in ref. 25 . All plasmids were propagated in Escherichia coli strain JM109 (26) , except for pTBN62 [DH5a; GIBCO/BRL (27) ; and HB101 (28)]. pTKUJ ( Fig. 1 ). The 7.3-kb pTMV204 (29) Pst I fragment (TMV-U1 genome and A phage promoter from pPM1; ref. 30) was subcloned into pUC19 (26) to give pTP5. pTMV204 Apa I fragment (5455-6389) was ligated to oligonucleotides pd-(CAGGTACCC) and d(GGGTACCTGGGCC), digested with Kpn I (underlined within oligonucleotide sequence) and Nco I (5459), and ligated into Nco I/Kpn I-digested pTP5 to produce pTPK10. pTKU1 was constructed by subcloning the 7.3-kb Pst I-Kpn I fragment from pTPK10 into Pst I/Kpn I-digested pUC118 (31) . pTKU1 contained a DNA copy of the entire TMV-U1 genome downstream of the A phage promoter from pPM1. Kpn I digestion and in vitro transcription of pTKU1 gave infectious TMV RNA (data not shown). pTKU1 was constructed because Pst I sites in the ORSV coat protein, DHFR, and NPTII ORFs prohibited the use of this restriction enzyme (employed to linearize pTMV204; ref. 29) to digest plasmid DNA of the hybrid constructs and produce infectious in vitro transcripts. pTB2 ( Fig. 1 ). pTMVS3-28 (32) was a derivative of pTMV204 in which the coat protein initiation codon was mutated to ACG and a Xho I site replaced the entire coat protein-coding sequence. The 1.9-kb Nco I-Sal I fragment (nt 5459-Sal I site in pBR322) from pTMVS3-28 was ligated into Nco I/Sal I-digested pNEO (24) to give pNS283. pBabsl was a 2.4-kb EcoRI cDNA clone from ORSV virion RNA with nucleotide, ORF, and amino acid sequence similarities to TMV-U1 nt 4254-6370 (data not shown). A 680-bp pBabsl HincII-Ear I (Klenow polymerase in-filled) fragment (containing the ORSV coat protein ORF and 203 bases upstream of its AUG) was ligated into the Nsi I site (6202; blunt-ended with T4 DNA polymerase) of pNS283 to produce pB31. The Nco I-Sal I fragment from pB31 was then ligated into Nco I/Sal -digested pTMV204 (replacing the corresponding wildtype fragment nt 5459-Sal I site in pBR322) to give pTB281. pTB2 was constructed by ligating the BamHI-Spl I fragment from pTB281 into BamHI/Spl I-digested pTKU1 (replacing the corresponding wild-type fragment 3332-6245).
pNC4X (33) . This plasmid consisted ofthe R67 DHFR gene cloned into pUC8X. The plasmid contained a Xho I site 8 bases upstream of the initiation codon for the DHFR gene. In addition, the stop codon and 5 bases of carboxyl-terminal DHFR sequence were deleted and replaced by a Sal I site. pNUJ 16. A 315-bp pNEO Sau3A (Kienow polymerase in-filled) fragment (amino terminus of TnS NPTII gene) was ligated to Sal I [pd(GGTCGACC)] linkers, digested with Sal I/Pst I, and inserted into Pst I/Sal I-digested pUC128 (34) to give pNU10. pNEO was digested with Asu II, in-filled with Klenow polymerase, and ligated to Xho I linkers [pd(CCTC-GAGG)] to generate pNX1. pNU116 was constructed by digesting pNX1 with Xho I, in-filling with Klenow polymerase, digesting with Pst I, and ligating the resulting 632-bp fragment (carboxyl terminus of the Tn5 NPTII gene) into Pst I/Sma I-digested pNU10. This manipulation of the NPTII gene removed an additional ATG codon 16 bases upstream of the initiation codon, the presence of which decreased NPTII activity in transformed plant cells (35) . pTBD4 and pTBN62 (Fig. 1) . Xho I-Sal I fragments from pNC4X (DHFR sequence) and pNU116 (NPTII sequence), respectively, were ligated into the Xho I site of pTB2 in the same sense as the TMV coding sequences.
In Vitro Transcription and Inoculation of Plants. Plants grown as in ref. 32 were inoculated with in vitro transcripts TB2 (6602 nt), TBD4 (6840 nt), and TBN62 (7434 nt) from Kpn I-digested pTB2, pTBD4, and pTBN62, respectively. The in vitro transcription method was as described (29) .
Analysis of Progeny Virion RNA. Virus purification was essentially as described by Gooding and Hebert (36) (Fig. 2A) . These RNA species contained TMV sequences (Fig. 2, lanes 2, 3, 7 , and 8) plus their respective bacterial gene inserts (Fig. 2, lanes 5 and 10) . Probes complementary to the manipulated portion of the respective genomes were protected in RNase protection assays by progeny TBD4 and TBN62 viral RNAs (Fig. 2B) . This result indicated that the precise and rapid deletion of inserted sequences that was a problem with previous constructs (17) did not occur with TBD4 or TBN62. It was hypothesized that with the previously reported constructs foreign inserts were deleted due to recombination between repeated subgenomic promoter sequences (17) . With TBD4 and TBN62, such repeated sequences were reduced by using heterologous subgenomic mRNA promoters. Additional bands smaller than the probe in Fig. 2B , lane e, and smaller than the full-length viral RNA in Fig. 2A, lanes 8 The sequence stability of TBD4 and TBN62 virion RNA was examined in serial passages through N. benthamiana. Plants were inoculated with two and four independent in vitro transcription reactions from pTBD4 and pTBN62, respectively, and systemically infected leaf tissue was serially passaged every 11-12 days. After 48 days of systemic infection, full-length virion RNA of TBD4, including the DHFR sequences, was still detected by Northern (RNA) transfer hybridization and still protected probes complementary to the manipulated portion of the genome in RNase protection assays (data not shown). Five clonal populations of virion RNA were derived from TBD4-infected plants propagated for 170 days (one series involving 10 passages) by isolation of local lesions on Nicotiana tabacum Xanthi-nc. The consensus DHFR sequence for three of the populations corresponded with the published DHFR sequence (23, 33) , except for a translationally silent third base change (U -> C) at nt 72 of the coding sequence. Sequence data were not obtained from the other two RNA populations. The reason for this, whether technical or a consequence of the sequence composition ofthese two populations, has not been determined. The nucleotide change at position 72 of the DHFR-coding sequence was not evident in progeny RNA from TBD4-infected plants propagated for 48 days. Virion RNA from plants serially infected with TBN62 was less stable with different portions of the NPTII sequence being deleted in each of the independent series of passages. The time of loss of these sequences varied between after the first passage (12-24 days) and the third passage (36-47 days; data not shown). The reason for deletions occurring in the NPTII sequence of TBN62 is not known. However, on the basis of the stability of the DHFR sequences in TBD4, such instability of inserted foreign sequences would not seem an intrinsic feature of expression vector TB2. In contrast, such deletions might be dictated by the nucleotide composition ofthe inserted foreign sequences themselves. Similar instabilities among DNA plant virus vectors have been reviewed (6) .
A commercial source of antiserum and sensitive enzymatic assays for the extensively used selectable marker NPTII (39) allowed further analysis of tissue infected with TBN62. Immunoblot analysis (Fig. 3A) , enzyme activity (Fig. 3B) , and leaf disc assays (Fig. 4) demonstrated the presence of functional NPTII enzyme and its phenotypic expression in plant tissue systemically infected with TBN62 but not in TB2-infected or healthy plants. NPTII protein and enzyme activity were even detected in some TBN62-infected plants propagated for 36 days.
It was evident from Fig. 3 that levels of extractable NPTII protein were considerably lower than levels of coat protein, the most highly expressed TMV protein (8 (21) that the level of subgenomic RNA from brome mosaic virus RNA 3 was progressively greater the closer promoter insertion was to the 3' terminus. Plant virus RNA polymerases have been proposed to have a low fidelity from the absence of proofreading and, as such, would result in foreign sequences in the viral genome only being maintained under constant selection pressure (6, 41) . However, the systemic spread of the foreign sequences in TBD4 and TBN62 RNA without selection suggests that sequence fidelity was possible despite replication of the foreign gene by RNA-dependent RNA polymerase.
Animal RNA virus-based vectors (42, 43) that require helper viruses to make infectious particles have been produced, but only tested in tissue culture. The data presented above demonstrated that a RNA virus-based vector can systemically express a foreign gene in intact plants. We foresee a wide use for such a vector in the systemic expression of foreign sequences and as a means to investigate the molecular biology of TMV.
